The disrhythmic effects of thallium were investigated in various cardiac tissues to determine the primary site o f intoxication with respect to ensuing arrhythmias. In isolated cardiac tissue Lameijer and van Zwieten [1] had contended that arrhythmias arise from the sinus node after thallium poisoning. To test this hypothesis we administered concentrations o f Tl+ between 10"7 and 10-4 m to guinea pig sino-atrial preparations, to guinea pig papillary muscles and to sheep cardiac Purkinje fibres. In sino-artial preparations thallium provoked increases and decreases of spontaneous beat frequency which were not linked to corresponding changes in contractile force. In conductive tissue, Purkinje fibres, the inactivation kinetics of the fast sodium current and the pacemaker current were investigated by voltage clamp experiments. Here, thallium was seen to be essentially without toxic effects which could account for arrhythmias. In ventricular muscle actions potentials and contractile force were recorded simultaneously. Here again, ventricular arrhythmias are not to be expected from thallium intoxication in rather high concentrations. The findings support the view that arrhythmogenic effects o f thallium are restricted to the sinus node.
Introduction
Numerous clinical reports have shown that after ingestion of Tl+ a variety o f acute disorders evolve in a sequential pattern which is typical o f this poison. At first there are severe gastro-intestinal symptoms. W ithin two to five days neurological disturbances become predominant during the course of which cardiovascular manifestations commence. These are seen to be quite diverse and range from sinus-tachycardia and hypertension to disrhythmias, hypotension and cardiac failure. The victim experi ences angina-like pain and shows EC G -abnorm alities. It is upon the background o f the diversity of the cardiovascular symptoms o f thallium intoxica tion that this study was perform ed. (F or references see the first paper in this series. ) Animal experiments with Tl+ have revealed a similar multiplicity o f cardiovascular events as in humans but they do not fully clarify the m echa nisms of T l+ intoxication. The inform ation resulting from work on isolated cardiac tissue is mainly restricted to inotropic effects o f thallium , and to Reprint requests to Dr. C. Achenbach.
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cellular Tl exchange and has been cited in the previous communication. The data of interest to us in the present study are those concerning the dis rhythmic effects of Tl+-ions in spontaneously beat ing isolated tissue. Lameijer and van Zwieten [1] showed that in guinea pig atrial preparations thal lium decreased heart rate. This effect could be reversed by atropine, cocaine, or considerable changes in external potassium. The authors presum e a direct influence on the sinus node. Similarly, Hughes et al. [2] observed a steady decay of fre quency after administering high doses o f thallium and transient accelerations depending on w hether the preparations were completely immersed in thal lium containing solutions or exposed to thallium during pulse injection into the perfusion fluid.
As yet, these findings on isolated tissues have not been followed up by the corresponding electrophysiological experiments. Thallous ions, however, have been of considerable interest to cardiac elec trophysiologists in studying the electrogenic sodium pump. This aspect of electrophysiological work with thallium has also been dealt with in detail in the previous communication in relationship to its pos sible significance for thallium induced changes of myocardial contractility. However, specific current systems known in cardiac tissue have as yet not been investigated at concentrations of thallium encoun tered during m anifestation o f the cardiac disorders mentioned above. O ur aim in this study is therefore to provide data on the effects o f thallium on currents relevant to the function of the heart. Specifically, we aim to test the hypothesis of Lameijer and van Zw ieten [1] that the location of thallium induced disrhythm ias may be the sinus node.
To do so, we com pared the effects o f thallium on sinoatrial tissue to those on ventricular tissue. In sinoatrial tissue of guinea pigs autom aticity and contractility were recorded as a function o f tim e and thallium levels. In ventricular tissue guinea pig papillary muscles, sheep Purkinje fibres, and interventricularis cordis muscles were used to record action potentials and effective refractory periods intracellularly in conjunction with changes in con traction force. Finally, d V /d tmM and /k2 current were assessed using a conventional two-m icroelectrode voltage-clamp technique. This was done to identify small changes of phases 0 and 4 o f action potentials. These can be estimated in action potentials only if rather large, whereas a voltage-clam p technique can reveal small effects which may be of significance for an overall disrhythmic behaviour o f hearts exposed to thallium.
From our previous experience with thallium it seemed im portant to us to employ a relatively* delicate technique and to repeat experim ents fre quently during the course o f exposure to low levels of thallium since the effects of thallium have been observed to be rather inconstant. We have not yet successfully applied the two-m icroelectrode voltageclamp technique to sinoatrial tissue in order to study the influence o f thallium .
Methods

Preparations
In the present study we employed various cardiac tissues suitable for the investigation o f cardiac disorders related to chronotropism . F or the detec tion of thallium induced intoxication o f the auto matic pacemaker, guinea pig sino-atrial prepara tions were used. Sheep cardiac Pukinje fibres were chosen since they can be considered to represent the properties of conductive tissue and can be im ployed for voltage clamp experiments. In conclusion guinea pig papillary muscles were feasable for the record ing of ventricular action potentials and refractory periods in conjunction with thallium effects on contractile force.
Guinea pig preparations
Male and female guinea pigs weighing 200 to 500 g were rapidly killed by a blow to the neck and cardiectomized. The beating hearts were bathed in warm (36.5 °C) oxygenated Tyrode solution and rinsed until no further discoloration of the rinsing fluid could be discerned. To obtain papillary m us cles the atria were carefully removed and the ventricles opened. Before dissecting the papillary muscles these were ligated with two silk threads which were later used to m ount the preparations by insertion into appropriate nooses in the m easuring chamber. Sino-atrial preparations were obtained by first removing the left atrium from the dissected combined atria described above. This was followed by a careful inspection of the rem aining right atrium to determine the spread of excitation. W hen one felt confident to have located the approxim ate origin of excitation a strip of tissue one mm in width and five to six mm long was excised such that the assumed location of the prim ary pacem aker was contained within the strip. There were two criteria to determine w hether this was indeed the case: 1) Activity ceased in the expended tissue and did not recommence.
2) The strip of tissue presum ed to contain the sinus node resumed its activity at a rate approximately equal to the form er rate of the right atrium. This took up to 10 min after excision.
The procedure of removing a sino-atrial prep ara tion from the right atrium was fraught with the danger of destroying the sinus node com pletely in which event autom aticity ceased im m ediately. The number of failures could, however, be lim ited to about 10-15%.
After about 10 min after autom aticity had re turned the preparations were ligated with silk threads for mounting in the cham ber and left at slack for at least another 20 min for com plete recovery. The procedure of m ounting has been described in detail in the previous com m unication [3] . Experiments were perform ed by adjusting the resting length and the resting tension of the p rep ara tion to approx. 110 to 120% o f slack length such that constant activity ensued. The control frequency and the resulting control contractile force was kept under close observation for at least 1 h before T l+ was added.
Sheep Purkinje fibres
Sheep hearts were obtained from a nearby slaughterhouse (Fa. Kind, G revenbroich). Im m e diately after slaughtering, hearts were removed, opened, and rinsed three times in cooled, oxygen ated Tyrode solution. They were then transported to the laboratory in fresh Tyrode solution at approx. 6 °C and continuously aerated with 95% 0 2 and 5% C 0 2. Purkinje fibres were excised from both ventri cles within 60 min from tim e o f dead and cut to appropriate lengths between 2 m in (im) and 6 mm (dV /dt). They were then stored in oxygenated Tyrode at room tem perature and were left for at least 1 h for healing over and recovery from dis section before use in the first experim ent. To ex periment, single fibres were carefully transferred via a pipette to a perspex cham ber m aintained at 36.5 °C by a therm ostated fluid. The preparations in the chamber were continuously perfused w ith oxy genated Tyrode at a constant flow rate of 2.5 m l/m in controlled automatically. After switching to differ ent (test) solutions from other reservoirs the ex change of solution surrounding the preparations was complete after about 3 min.
Solutions
The composition o f the standard Tyrode solution was ( m M ) : N a +: 149.16; K+: 4; M g2+: 0.5; C a2+: 1.8; Cl": 145.5; UCO~3: 12; H 2PC>4: 0.36; glucose 15.
Thallium was added to this solution as its sulfate salt (T12S 0 4, Merck, pa grade). F o r preparation of thallium Tyrode solution see the previous paper [3] .
Experimental design
Sino-atrial preparations
To determine the autom aticity and the contractile force of the sino-atrial preparations the experi mental set-up was used as described in Ziskoven et al. [3] for sheep interventricularis cordis muscles and guinea pig papillary muscles.
Guinea pig papillary muscles
These were m ounted in the m anner identical to the sino-atrial preparations and the sheep interven tricularis cordis muscles. In addition, they were impaled by a microelectrode at sites o f least m ove ment near the end of the muscles in order to record intracellular action potentials.
Sheep cardiac Purkinje fibres
Sheep cardiac Purkinje fibres were used for voltage clamp experiments. The relationship be tween dF /drmax and prestim ulation m em brane po tential was ascertained by the m ethod of W eidm ann [4] , The pacemaker current was studied using the technique of Noble and Tsien [5] . T he experim ental procedure and the apparatus has been described extensively in former publications from our labora tory [6, 7] . In particular, the intracellular m icroelec trodes and the electronic devices used were identical to those described previously [6, 7] ,
Results
Guinea pig sino-atrial preparations
The results of a typical experim ent on a guinea pig sinoatrial preparation is dem onstrated in Fig. 1 . The preparation was kept under control conditions for about 1 h at the end of w hich the control frequency and contractile force were recorded. Ex posure to low concentrations of T l+ (10~7 m ) showed slight changes in frequency and rath er more pro nounced changes in contractile force. The tim e course of these changes was recorded at various intervals and is shown in the second panel at 3, 9, and 25 min. After 30 min a higher dose (10-6 m ) was added. This resulted in a surge in frequency and contractile force after 2 min followed by a sub sequent decrease in both param eters. Again, after 30 min 10~5m T l+ were added and a further loss of frequency and contractile force was observed.
The experiment shown in Fig. 1 was typical for other experiments in so far as there was no relation ship between changes in frequency and contractility. As was confirmed in three other sim ilar experi ments no prediction could be m ade on how the preparations would react. In the case shown in 
at IO-7 and 10" 6 m . At 10-5 m the spontaneous rate decreased but showed a tendency to recover after about 8 min.
Coinciding with previous experim ents on guinea pig papillary muscles [3] contractility decayed with time and thallium levels. Only at 10-6 m thallium was there a short-lived increase which occurred in approx. 50% of experim ents on sheep interventricularis cordis muscles during early exposure periods.
G uinea p ig p a p illa ry m uscles
In guinea pig papillary muscles 10-7 m T l+ pro duced a slight increase in contractile force during short term exposure at a stim ulation frequency of 0.4 Hz (Fig. 2, upper panel) . F o r long term be haviour see the previous com m unication [3] . Action potentials were recorded sim ultaneously in the pre parations showing that during the increase in con tractile force the conform ation o f the action poten tials was altered in a m anner associated with a positive inotropic intervention. Referring to Fig. 2 , upper panel, inspection reveals that the plateau of the action potentials was slightly elevated and the action potential duration was shortened. F urther details of the relationship between the enhanced levels of the plateau as related to the slow inward current and changes in inotropism after exposure to thallium will be presented in the next com m unica tion [8] .
At concentrations of 10-5 and 10-4 m T l+ (m iddle and bottom panels) the contractile force is reduced markedly but the action potentials were not visibly affected. We consider these results to be o f interest for the interpretation of the effects of thallium on myocardial tissue. Since the conform ation of the action potential was changed during a positive inotropic effect of thallium this may be related to a direct or indirect effect on the cell m em brane. Negative inotropism, however, was not related to marked changes of the action potentials; the resting potentials, overshoot, plateau, and repolarization showed no interference by thallium . This clearly indicates that the loss of contractility is not ac companied by a deterioration o f electrical activity and thus does not seem to be a consequence of membrane effects.
Effective refractory periods were also recorded in guinea pig papillary muscles at com paratively high levels of Tl+ (10-5 m). As shown in Fig. 3 the excitability of ventricular tissue was not affected by thallium. This supports the conclusions drawn above.
Sheep cardiac Purkinje fibres The influence o f Tl+ on d V /d/max
Measurements o f action potentials o f various ventricular tissues did not reveal a pronounced effect o f thallium. Since it is uncertain that record ings of action potentials would uncover thallium effects of small m agnitude which m ight be signifi cant in the overall behaviour of the intact heart voltage clamp experiments were perform ed. In the case of the parameters of excitation the upstroke velocity was determined as a function o f the m em brane potential. Using the classical procedure of Weidmann [4] Purkinje fibres were clam ped to a given potential ranging from -110 to -50 mV for 300 ms. Action potentials were elicited 1 ms after termination of the clamp and the upstroke velocity was measured by electronic differentiation. The maximal upstroke velocity d F /d /max was plotted against the prestim ulation m em brane potential. The resulting sigmoid curves are a m easure o f the inacti vation kinetics and the availability of the fast sodium influx across the cell m em brane. Fig. 4 shows the results of a typical voltage clam p experim ent per formed at a concentration of 10-7 m T l+. From the time course of the effects of thallium on m yocardial contractility we were aware of the fact that the action of thallium could be short-lived and fleeting so that a steady state value o f a param eter investi gated would not necessarily be attained. We th ere fore repeated our experiments in 3 to 4 m in in ter vals at all potentials in order to be able to identify transient effects of T l+ should they occur. 
The influence o f T l +on the current underlying pacem aker activity, i K2
The so-called pacem aker current, /K2, o f cardiac Purkinje fibres is activated during the action poten tial. Its deactivation after the repolarization phase of the action potential is responsible for the slight depolarization o f the m embrane from the maximal diastolic potential to either a stabile resting poten tial or to the threshold potential of the fast sodium current. This current system is partly involved in determ ining the param eters of the conduction sys tem and also im portant in various forms of ar rhythm ias. D ue to the known arrhythm ogenic po tency o f thallium is seemed necessary for us to investigate the iK2 system carefully in spite of the fact that action potential recordings had not re vealed any significant effect after exposure to thal lium. However, the same reasoning as for the fast sodium current also applied here, since even small effects may be consequential for cardiac disorders the origin of which are located elsewhere.
According to the theory o f Hodgkin and Huxley [9] as adapted by N oble [10] the current underlying pacemaker activity, i^, is described by two factors:
where i^i is the instantaneous current voltage relationship depending on voltage only and showing inward going rectification with a m arked negative slope in the region positive to -70 mV. s is a tim e dependent dimensionless variable which controls the degree of activation o f this current at given potentials.
This current system can be investigated by a voltage clamp program o f long (5 to 20 s) test pulses from a holding potential which is chosen in the vicinity of the m em brane resting potential. The voltage clamp step to the test potential is ac companied by an instantaneous current ju m p and a time dependent current tail determ ined by the tim e dependent activation or deactivation o f i^. Sim i larly, after return to the holding potential the current response is composed of an instantaneous current jum p and a tim e dependent current tail. The time dependent currents on the return to the hold ing potential can be plotted against m em brane potential of the test pulse yielding sigmoid curves. For comparison foot points o f these curves are normally set to zero so that the am plitudes o f the full curves reflect the total available currents. Thus, single curves from different test solutions in one experiment can be com pared. The effects of 10-7 m Tl+ after 10 and 100 m in of exposure are dem on strated in Fig. 6 a. The total current am plitude was reduced by about 18%. This effect was reversed after wash-out.
Normalizing these current curves yielded the voltage dependence of the steady state activation Fig. 7 . The effects of thallium at a concentration of 10" 5 m on the sx kinetics of f a after 60 min exposure are shown in this figure. At this higher level of thallium the pacemaker current in conductive tissue was essentually not affected by thallium.
parameter s as is shown in Fig. 6 b. As can be seen in this figure Tl+ did not alter the voltage depen dence of the kinetics o f the pacem aker current. This could also be illustrated for 10"5 m T l+ (Fig. 7) , at which concentration the total current am plitude was again reduced by about 20%.
The amplitude o f the total available current at all potentials of interest, the current voltage relation ship of the fully activated current f a was obtained by calculating the rectifier ratio (quotient o f the current tails during the test pulses over the current tails after return to the holding potential) and multiplying this ratio with the m axim al current at full activation (obtained from the values in Fig. 6 a) . As an example the experiment at 10-7 m T l+ is illustrated in Fig. 8 . N either the fully activated current nor the inward rectification nor the f a reversal potential (intercept o f the curves with the voltage axis) were markedly influenced by thallium .
This also applied to the higher concentration of T l+ (10-5 m) . In a total of five voltage clam p experiments it could be seen that T l+ did not affect the current underlying pacemaker activity in cardiac Purkinje fibres in a manner which could account for the disrhythmic effects of thallium.
Discussion
From the results of this study the conclusion may be drawn that the major disrhythm ic effects of thallium probably occur in the sinus node. In the conductive tissue (Purkinje fibres) as well as in ventricular muscle currents and action potentials did not change significantly. W hilst the param eters of conductance and ventricular excitability should not be expected to be responsible for rhythm ic irregularities of their own accord, they may con tribute to ECG abnormalities.
With regard to d V /d /max and f a in Purkinje fibres a comparison with another potassium -like ion, cesium, is interesting. We have shown that cesium also does not affect d VI d /max at high concentrations [11] . However, it is well known that tim e dependent potassium currents react very sensitively to cesium at high concentrations [12] [13] [14] . Sim ilar high doses o f thallium cannot be applied to tissue w ithout the additional removal of chloride due to the low solubility of T1C1. Moreover, the high toxicity of thallium to cardiac tissue in general restricts the use of high doses of thallium in order to study specific current systems in lengthy voltage clamp experiments due to the rapid deterioration of the fibres. High thallium is only feasible to study short-term events such as the inactivation o f activation o f the sodium pump.
We conclude that thallium at levels that are highly toxic to man does not exert an action on the membrane with respect to excitability or ventricular tissue and to the pacem aker current of Purkinje fibres. In sino-atrial tissue there is a pronounced disrhythmic effect of thallium but there is no connection between changes in contraction force and frequency. As yet we have no way o f deciding in which m anner possible m em brane effects of thallium in sino-atrial tissue may influence contrac tility an d /o r frequency. The evidenc however, suggests that frequency changes in the autom atic pacemaker are not a result o f a direct and specific attack at m embrane sites but rather that they are complicated secondary events following the disrup tion o f intracellular processes. This conclusions is drawn mainly from the finding that there is no con centration of thallium at which a discrete and repro ducible alteration in sinus nodal activity can be produced.
In the following study data on the slow inward current of cardiac Purkinje fibres will be presented.
In some respects this has confirm ed the effects reported in sino-atrial tissue here.
We should like to stress that we consider the dissociation of rhythm and contractility observed in sino-atrial tissue, com pared to the lack of m em brane effects in ventricular tissue, to indicate that disrhythmic events originate solely in the sinus node as proposed by Lam eijer and van Zwieten [1] , This conclusion applies to isolated tissues such as have been used by us and by Lam eijer and van Zwieten [1] . In "intact" anim als so far as this term is applicable after thallium poisoning, severe neuro logical disorders most likely enhance the thallium induced cardiovascular disturbances.
